ABSTRACT: Solvents play a key role in the chemical industry; novel classes of solvents such as gas expanded liquids and switchable solvents have attracted great interest in recent years as their emergence and utilization in chemical processes hold many promises to develop benign environmental technologies. This perspective paper aims at reflecting on the state of the art concerning biphasic scCO 2 /green solvent systems. Rather than discussing the reactions that have been performed in each major type of scCO 2 /green solvent biphasic system, this paper is structured instead in terms of the problems or difficulties that these innovative systems help to solve in processes engineering by taking advantage of the unique advantages of these systems such as greenness, solubility enhancement, and pressure-tunable properties, allowing for overcoming issues concerning monophasic systems that the chemical engineer is confronted with when scCO 2 or a green solvent are used separately and that have limited their utilization at industrial scales. Among such issues, one can cite (1) difficulties in the solubilization of these compounds, (2) difficult separation of reactants, products, and catalysts, and (3) loss of the catalyst. These problems arise on one hand from the poor solvent power of scCO 2 when used in homogeneous phase and on another hand from the need for a decrease in the usage of distillation as a separation technique. However, their association in biphasic systems allows for overcoming these problems and provides unique opportunities and perspectives to develop future versatile, flexible, and atom economical chemical processes in full accordance with the principles of green sustainable engineering. The green solvents considered in this perspective paper are water, ionic liquids, biobased ionic liquids, and other green solvents such as glycerol and liquid polymers. Ionic liquids have been considered in this paper as they have been claimed as "green" because they allow the prevention of volatile emissions; however, some of them present toxic issues together with a high environmental impact because of their nonbiodegradability and high manufacturing costs. 1 We have then tried to attract special attention to biosourced ionic liquids that may have better toxicological and environmental properties and that may hold promise for their future use in chemical processes. This paper presents also the studies concerning phase equilibrium between scCO 2 and green solvents where biphasic systems can be obtained, as phase behavior control is an interesting tool for designing effective catalytic reactions and catalyst-product separation processes. The unique properties of green solvents that have been proposed as a homogeneous phase in previous studies have prompted us to include them in this perspective paper with the aim of interesting the scientific community in testing them in biphasic systems including scCO 2 . Finally, some reflections about the next steps toward greener processes using scCO 2 /green solvent biphasic systems are presented and concern technical and scientific requirements to take full advantage of the capabilities of these systems.This perspective paper does not intend to be comprehensive but instead tries to attract attention on recent usages of these systems in order to stimulate future advances in the study and development of such systems.
■ INTRODUCTION
What Is a Green Solvent? In the search for new alternatives for traditional solvents, one is quickly confronted with the question "what is a green solvent?" It is generally accepted that the definition of green solvents is not an easy task. A solvent can be biodegradable but be volatile and ozone depleting. It can have an extremely low impact on health and the environment but needs a great amount of energy to be manufactured, etc. As it has been accurately pointed out by Jessop et al., 2 several questions must be answered before deciding that a solvent is greener than other solvents. In the same way for a process to be both green and sustainable, it must address both environmental and economic considerations. 3 Nevertheless, it is generally accepted that low impact on health and the environment as well as low volatilities are desirable characteristics of green solvents. However, even if low volatility is a highly desirable characteristic in a solvent, several solvents considered as "green" such as ethanol, ethyl acetate, and limonene are volatile yet at the same time are greener than other less volatile solvents.
As things stand currently, the low volatilities of most of the green solvents make their industrial implementation difficult for the simple reason that they are hardly distilled. In fact, in industry, distillation is the most used separation method to remove solvents from products. This technique demands great quantities of energy and requires the solvent to be volatile; indeed, the contribution of distillation to overall emissions of volatile organic compounds (VOCs) to the atmosphere is large. As can be easily understood, the principal difficulty in nonvolatile greener solvent implementation is the dependence of industry on distillation for solvent separation, 2, 4 and future utilization of greener solvents will pass through the development of new processes, innovative equipment, and creative strategies allowing for low cost and easy separation of nonvolatile solvents. These are some of the challenges in green sustainable engineering: integrating sustainability and greenness as inherent components of engineering design. 3 This perspective paper will focus on green solvents as these compounds may form biphasic mixtures with CO 2 over a large range of temperatures and pressures, and, as will be presented, scCO 2 /green solvent biphasic systems can help to implement greener low volatile solvents in industry by responding, among others, to this separation issue.
ScCO 2 in Biphasic Systems Helps To Implement Green Solvents in Industry. Supercritical CO 2 (scCO 2 ) has attracted great attention in recent years as an alternative solvent because of its greenness, lack of reactivity, good transport properties, zero surface tension, high diffusivity, and abundance as CO 2 is a major industrial waste. 5, 6 According to the International Energy Agency, the CO 2 global emissions increased by 1.3 GtCO 2 between 2009 and 2010, and in 2010, the emission of CO 2 from fuel combustion reached 30.3 GtCO 2 , 7 while the total amount of carbon dioxide used in industry is approximately 120 MtCO 2 per year. 8 ScCO 2 presents physicochemical properties that are highly desirable for a solvent. Diffusion coefficients of solutes are higher in scCO 2 , and viscosities of these mixtures are lower than when traditional solvents are used. One interesting advantage of scCO 2 is its complete miscibility with gases, while the solubility of liquids and solids in scCO 2 is strongly dependent on CO 2 density, which allows an easy separation of dissolved reactants, products, and catalysts by simple temperature and pressure changes. The use of scCO 2 as a solvent has the advantage of its easy separation by depressurization and its easy recompression and recycling. These properties have increased the incentive to use scCO 2 as an alternative solvent in the extraction of caffeine, aroma, and active compounds 9−14 and as reaction medium for reactions such as oxidations, 15−17 alkylations, 18 etherifications, 19 hydroformylations, 20 and hydrogenations 21 among others. However, even though the utilization of scCO 2 at an industrial scale in the food and aroma industries is well established, only very few examples of industrial chemical production have been developed 22 even if several lab-scale studies have been reported.
From an environmental point of view, the most interesting feature of the use of scCO 2 as a solvent is that it can be easily recovered at the end of the process, recompressed, and recycled. However, despite all these interesting characteristics, scCO 2 presents a drawback that limits its utilization at industrial and research scales when used as a homogeneous phase; given its low polarity, scCO 2 barely dissolves polar organic compounds and currently used catalysts, which reduces its suitability as a solvent in industrially used reactions, specially those using transition metal complexes as catalysts. 23−25 Some strategies have been developed to improve the solvent power of scCO 2 . In particular, to solubilize catalysts, the most intuitive is to use a cosolvent, which is typically added at 1−2% mass to improve the solubility of compounds that are poorly soluble in pure scCO 2 . When the volume of the cosolvent increases to 20−50% in volume, the cosolvent may become another phase, and the system becomes biphasic. If CO 2 dissolves in this phase and this phase expands as a product of CO 2 dissolution, it is called a gas-expanded liquid (GXL) or a CO 2 -expanded liquid (CXL). 26 This resulting phase presents enhanced transport properties that have been used for difficult extractions and antisolvent processes 27 and in reactions such as oxidations, hydrogenations, epoxidations, hydroformylations, etc. 23, 28, 29 As has been pertinently stated by P. G. Jessop and B. Subramaniam, 26 CXLs combine the advantages of compressed CO 2 and of traditional solvents in an optimal manner that enhances transport properties by increasing diffusivity and by decreasing the viscosity of the partner solvent, while this partner solvent keeps the solubility power of the system. One of the principal advantages of such systems is the possibility to tune the solubility and physicochemical properties of the mixture in a range from the properties of the conventional solvent to those of pure scCO 2 in a reversible way by controlling the concentration of CO 2 . 30 As examples, the viscosity of CO 2 -expanded methanol decreases by nearly 80% with 77 bar of CO 2 compared to pure methanol; 31 reduction of viscosity of ionic liquids is even more dramatic in the presence of pressurized CO 2 . 32, 33 Physicochemical and solubility properties of mixtures containing CO 2 can then be easily controlled by small changes in pressure, triggering immiscibility of compounds in scCO 2 and giving the key for tuning separations and reactions. 34 A review published by B. Subramaniam 35 presents the state of the art concerning conventional organic solvents expanded by CO 2 and their applications in catalysis and novel materials. So, scCO 2 coupled to a solvent can be used as a biphasic catalytic system, in which the catalyst is dissolved in the so-called reactional phase, composed of solvent and of dissolved CO 2 . The second phase, being nonreactional and mainly scCO 2 , represents a reservoir for reactants and/or products that can be separated easily, enabling easy reuse of the catalytic phase (Figure 1 ). 36, 37 Biphasic catalysis is not a new process. Some remarkable examples of the power of biphasic catalytic systems are the Shell higher olefin process (SHOP) that was the first commercial process based in a biphasic butanediol/hydrocarbon system for the production of alfa olefins from ethylene using a nickel-based catalyst. 38 Another example is the Ruhrchemie/Rhone Poulenc process for the hydroformylation of propylene to butyraldehyde that is performed with a watersoluble Rh catalyst in an aqueous biphasic system that fabricates around 600 000 tons/year of products. 39 These industrially important processes demonstrate the capabilities of biphasic systems and suggest that biphasic scCO 2 /green solvents may take an important place in forthcoming years as substitution for current processes and/or as tools to develop innovative chemical processes.
However, even if CXLs represent a step forward in the development of greener processes, they have mostly included conventional organic volatile solvents, which do not solve entirely the environmental issue of toxic volatile solvent usage and wastage. From our point of view, usage of green solvents instead of traditional organic solvents will be absolutely necessary in the development of next-generation chemical processes. In particular, usage of biosourced solvents and/or solvents that are manufactured from fully renewable resources, are biodegradable, and are less harmful than traditional solvents 40 will present in addition a wide range from where one can choose nonVOCs biosourced solvents. In this way, the entire process can become greener. A review has been recently published by Y. Gu and F. Jeŕome concerning the design of biosourced solvents and their utilization in catalysis and organic chemistry; 41 interested readers are encouraged to refer to it. Thus, promising advantages that scCO 2 /green solvent biphasic media may offer include the following: (1) Products can be separated by depressurization. (2) The catalyst is retained in the so-called reactive phase allowing its reutilization. (3) scCO 2 allows tuning properties of the green solvent in the same fashion as in CXLs. (4) Nonvolatile solvents can be used, such as some biosourced solvents. In this manner, biphasic scCO 2 /green solvents can then help not only to solve green chemistry and engineering challenges but also to create innovative flexible processes.
This perspective paper aims to reflect the state of the art concerning scCO 2 /green solvent biphasic systems, as from our point of view, the use of these systems at research and industrial scales would represent a step forward in the development of greener processes. Although there is growing publication activity combining these interesting systems, as shown in Figure 2 , the number of reports is still modest. However, the number of publications and patents is expected to grow as scCO 2 and green solvents are gaining an important place in research and development.
ScCO 2 /Green Solvent Biphasic Systems To Solve Solubility Issues in Industry. Some examples of current industrial catalytic processes that present challenges regarding sustainability and greenness are the homogeneous hydroformylation of higher olefins, selective oxidation of light olefins such as ethylene and propylene, and production of terephthalic acid by oxidation of p-xylene. 27 Hydroformylation of higher olefins is used to obtain oxygenated hydrocarbon compounds from olefinic petrochemicals; the products thus obtained can then be used as building blocks in the chemical and Annual number of scientific publications and patents since 1995. Data analysis completed using the SciFinder search system on April 17, 2014, and using the search terms "scCO2" and/or "supercritical CO 2 " and "green solvents". Insets represent results obtained by using (a) "scCO2" and "water" and (b) "scCO2" and "ionic liquids". pharmaceutical industries. Industrial hydroformylation processes suffer from the limited solubilization of gaseous reactants (H 2 and CO) in the liquid reaction phase and the need for efficient and eco-compatible catalyst recovery and recycling, as this last operation needs great quantities of solvents, acids, and bases. Oxidations of light olefins performed in a homogeneous liquid phase suffer from the low solubility of O 2 in liquids that leads to O 2 starvation and a decrease in reaction rate and selectivity. Scientific and technological responses are then needed to overcome these challenges.
It is not surprising that the first investigated applications of biphasic systems including scCO 2 involved other gases such as H 2 and O 2 , as they are soluble in all proportions in this solvent. As discussed in the next paragraphs, oxidations and hydrogenations using molecular oxygen and hydrogen have taken advantage of the solubility improvement of gases that scCO 2 can provide when used in biphasic systems.
Some scCO 2 /green solvent biphasic systems have been successfully used as responses to these and others challenges, where solubility issues are present in chemical processing. These systems will be detailed in following paragraphs.
Solubility of Gases. Several research groups have exploited the ability of scCO 2 to solubilize gases and the enhanced transport properties of this solvent in systems where a gas needs to be solubilized in an immiscible or partially miscible second phase. Bhanage 42 et al. have demonstrated the advantages of using a biphasic system for the hydrogenation of cinnamaldehyde in a scCO 2 /water system using watersoluble Ru-, Rh-, and Pd-based catalysts. The utilization of this biphasic system enhanced the reaction rates and selectivity to cinnamyl alcohol, compared to systems using either scCO 2 or toluene as solvents, and to biphasic systems using a toluene/ water system. A ScCO 2 /water system allowed easy separation of the catalyst and reactants/products as well. The enhancement in reaction rates has been attributed to the total solubility of reactant gases in scCO 2 , which increased the solubility of H 2 in water. Up to 100% of selectivity of the saturated aldehyde was obtained when RhCl 3 and Pd(OAc) 2 were used as catalysts and up to 99% of the unsaturated alcohol when RuCl 3 was used, compared to the reaction in a biphasic toluene/water system (selectivity of 8%), and with a homogeneous operation (selectivities of 8% in toluene and 11% in scCO 2 ).
Chouchi et al. 43 have pointed out the same observation when α-pinene has been hydrogenated in the presence of scCO 2 . In this case, α-pinene was used as solvent and as reactant. Twophase conditions lead to increased hydrogenation rates compared to experiments without CO 2 , which was attributed to the higher solubility of H 2 in α-pinene induced by scCO 2 than in the case of hydrogenation without scCO 2 . The authors used this reaction to focus the attention of the importance of the effect of phase behavior on catalytic efficiency; however, in this study, partial pressures of H 2 have not been kept constant, which can be the origin of the increased yields observed in some experiments. 43 In order to better understand why hydrogenations in biphasic conditions can proceed faster than in monophasic systems, Lukasik et al. 44 studied the hydrogenation of limonene in a scCO 2 /limonene mixture, where limonene was used as a reactant and solvent as well. The critical pressure of the mixture was below 10 MPa allowing for switching from a monophasic to a biphasic system. Phase equilibrium was calculated using the Peng−Robinson equation of state and the Mathias−Klotz−Prausnitz mixing rule. Interestingly, it has been shown by the authors that when CO 2 is present in large excess and the system is close to the critical line of the mixture but yet being biphasic, the partition of limonene and hydrogen between the liquid and the vapor phases is quite sensitive to pressure, meaning that a small change in pressure has a big impact on the reactants ratio, allowing the tunability of the reaction rates and in particular of the selectivity of the reaction. The sometimes observed enhancing effect of CO 2 pressure in hydrogenations reaction rates and enantioselectivity is controversial. J. Brennecke has found that this effect is beneficial from the H 2 solubility increase with CO 2 presence in acetonitrile, acetone, and methanol, 45 while other authors have not found the same behavior during the synthesis of naproxene via enantioselective hydrogenation in methanol. 46 In this last study, the reaction rate and enantioselectivity decreased when methanol was expanded by CO 2 compared to results obtained in neat methanol. This behavior has not been attributed to H 2 starvation but to the decrease in dielectric constant of methanol by the expansion with CO 2 .
Acetic acid has been used as solvent in a scCO 2 /acetic acid system for the oxidation of p-xylene to terephtalic acid by employing a Co/Mn/Br catalyst. Once again, usage of such a system allowed the correct solubilization of O 2 in the solvent and improved catalytic performance as the production of terephtalic acid was increased and the production of solid and gaseous byproducts was simultaneously decreased, compared to the conventional system that uses N 2 /O 2 as the oxidant. This behavior was explained by a better O 2 availability; even more, solvent decomposition was inhibited by the utilization of scCO 2 . 47 Hig -pressure biphasic mixtures of room temperature ionic liquids and scCO 2 have been used for the photocatalytic reduction of CO 2 to CO by using a [BMPYRR] [TCB] IL as solvent, fac-ReCl(bpy)(CO) 3 as the catalyst, and triethanolamine as a sacrificial electron donor. In this study, that intended to develop artificial photosynthesis, scCO 2 had the role of solvent and reactant. This system remains biphasic in a wide range of pressures and temperatures, and while scCO 2 is highly soluble in ILs, these solvents are essentially not soluble in scCO 2 . The use of a scCO 2 /IL biphasic system allowed a 7-folded increase in the TON (turn over number) for CO production at 13.4 MPa than at atmospheric pressure. 48 Prevention of the poisoning of the catalyst has been observed as well, as CO is more soluble in the scCO 2 phase than in the IL phase avoiding a buildup of CO around the catalyst.
In situ generation of gaseous reactants has been illustrated by the generation of H 2 O 2 from H 2 and O 2 in a biphasic scCO 2 / water system, which has allowed for cleanly epoxidizing propylene and cyclohexene to propylene oxide (reactants previously dissolved in CO 2 ) with a palladium-based catalyst, avoiding the current routes that produce high quantities of wastes and are not atom-economical. 49−52 Jacobson et al. 53 have reported a biphasic scCO 2 /water homogeneous catalysis system using anionic and cationic surfactants to form a CO 2 -responsive emulsion. Hydrogenation of styrene to ethyl benzene was performed in this system by using a water-soluble rhodium-based catalyst. The solubility of hydrogen was enhanced by the use of pressurized CO 2 , which improved reaction rates that were found comparable to reaction rates found in homogeneous systems and superior to other water/organic solvent systems. Decreasing the pressure from 27 to 7 MPa easily broke the emulsion, allowing efficient phase separation. Recirculation of the water-containing catalyst and its repressurization with CO 2 permitted a repeated emulsion formation, yielding constant catalyst activity for at least three cycles.
■ SOLUBILITY OF CATALYSTS
Solubility of catalysts, especially complex catalysts, is a major issue in chemistry and in chemical processes engineering. In general, catalysts are soluble in polar solvents, which represents a problem when nonpolar solvents such as scCO 2 are used. Some strategies have been adopted to overcome these obstacles and will be presented in following paragraphs.
CO 2 -Philic and/or Green Solvent-Philic Catalysts Development. Homogeneous catalysis has the advantages of presenting higher activity and selectivity than heterogeneous catalysis; however, in systems where scCO 2 is used as solvent, this task is not easy as CO 2 has a relatively low solvent power, especially for complex catalysts. Many previous works have focused on the design of CO 2 -philic catalysts, and one interesting result of these studies is that CO 2 pressure can increase the solubility of fluorinated catalysts in an organic phase promoting the rate of certain reactions, while depressurization provokes catalyst precipitation, allowing it to be recycled. In these cases, CO 2 acts as a solubility switch. 54 This interesting feature of CO 2 and its utilization for reactions such as hydrogenations and epoxidations have been reviewed in a paper published by Eckert et al. 55 In order to promote green solvents such as glycerol as an alternative solvent to water when this last one cannot be used, sugar-based surfactants have been designed in order to stabilize several catalysts and are used in the ring opening of several epoxides with carboxylic acids. The surfactants thus used were aminopolysaccharides obtained by the oxidation of hydroxyethylcellulose with sodium periodate, followed by a catalytic amination over Pd/C. The catalysts obtained formed some hydrophobic environment in glycerol, and diffusion of reactants to this hydrophobic environment was possible by hydrophobic−hydrophilic interactions. 56 Later on, the same authors used the same polysaccharide as a ligand for the coordination of palladium in order to obtain Pd nanoparticles with an average size of 6 nm. These nanoparticles where used for the β−β diarylation of acrylate derivatives in glycerol; the products of this reaction were efficiently extracted by scCO 2 showing that a continuous operation in a biphasic system may be envisaged. 57 The approach of water-in-CO 2 microemulsion generation by surfactants has been used by Johnston et al. 58 to create a hydrophilic environment inside CO 2 and to effectively solubilize hydrophilic molecules such as proteins and ions; this environment has been characterized by spectroscopic techniques by using bovine serum albumin (BSA) as a probe.
Catalyst Immobilization. As has already been stated, homogeneous catalysis presents attractive advantages for chemical reactions such as high activity and selectivity; however, its use at industrial scale presents problems concerning catalyst recycling, product separation, and loss of the catalyst, leading to high energy consumption and waste generation. That is why heterogeneous catalysis is largely preferred in chemical processes; however, heterogenization of homogeneous catalysts by attachment to organic or inorganic supports may present some disadvantages such as loss of activity and ligand and/or metal bleeding. 39, 59 In biphasic reaction media, one of the phases, the so-called reactive phase, contains the dissolved catalyst, while the reaction takes place therein and products are recovered in the second phase. In this manner, the problems of catalysts recycling in homogeneous catalysis are solved; additionally, products may be easily removed if the system is carefully designed and conversion is sufficiently high, 60 which may allow for reaction/separation steps coupling.
Immobilization of catalysts in a so-called reactive phase using scCO 2 61−63 These biphasic systems allowed for continuous operation by using scCO 2 as the extractive phase without loss of activity during up to 10 operation cycles.
CO 2 -Water Biphasic Systems. CO 2 /H 2 O biphasic systems have been used to perform the Barbier allylation of aldehydes to obtain homoallylic alcohols. This reaction is simpler that the corresponding Grignard reaction, and its industrial interest has guided several efforts to perform it in solvent-free conditions or by using ionic liquids as solvents. In the study by Cenci et al., 64 the biphasic CO 2 /water system has been efficiently used in the presence of ultrasound and Zn dust as catalyst, allowing for good selectivity (up to 100%) and yields up to 93% in the case of allylation of benzyaldehyde by allyl bromide. In this work, the biphasic system allowed the solubilization of hydrophobic reagents by CO 2 ; however, the inability of the reaction to progress in pure CO 2 justified utilization of the CO 2 /water biphasic system.
Inverted Green Solvent/scCO 2 Biphasic Systems. An inverted biphasic scCO 2 /water system ( Figure 3 ) has found interesting applications as reaction media by immobilizing the catalyst in the scCO 2 phase while the organic substrate and products are carried by the aqueous phase allowing for easy separation of products from the catalyst. This general principle has been applied to the hydroformylation of water-soluble acids and to the hydrogenation of CC double bonds by using suitable rhodium-based CO 2 soluble catalysts;
65−67 even Figure 3 . General schema showing an inverted scCO 2 /water biphasic reactional system where scCO 2 acts as a reservoir for the catalyst and water is the reactants and products carrier; R = reactants, P = products and C = catalyst.
though the stability of the catalyst was not yet optimized, good recycling and negligible catalyst lost has been observed. ScCO 2 /Green Solvents Biphasic Systems Allow Homogeneous Catalysis and Separation Steps Coupling. Biphasic catalysis, being a powerful technique, is already applied in industry, for example, the "difasol" process, developed by the Institut Francais du Petrole to polymerize and oligomerize olefins in biphasic organic solvent/ionic liquid systems. 68 Another interesting example is the hydration of butene to 2-butanol, which is performed in the presence of acid catalysts. A supercritical butene/water biphasic system is specially adapted for this application, as the solubility of butene in water is low and supercritical butene allows the separation of the product 2-butanol, shifting the reversible reaction in the forward direction. 69 Supercritical fluids and GXLs have been used in recent years for multiphase catalytic reactions such as hydroformylations, hydrogenations, carbonylations, oxidations, and epoxidations by taking advantage of the tunability that these systems offer. Some reviews in this field have been published by different authors, and we encourage interested readers to refer to them. 70 ScCO 2 /green solvents biphasic systems have been used with the purpose of keeping homogeneous catalysis advantages coupling it to easy separation steps. The green solvents that have been used in such systems are ionic liquids, which are specially adapted to enzymatic catalysis, polyethylene glycol, water and glycerol; the use of these systems are presented in next paragraphs.
Hydrogenations, hydroformylations, and hydrovinylations are industrial reactions that have to face the challenge of low H 2 solubility in liquid phases. Together with this difficulty, homogeneous catalysis of these reactions in industry presents the obstacle of separation and loss of the catalyst. Biphasic processes used to perform these reactions have allowed efficient separations of the catalyst from products. Besides, when scCO 2 has been used as second phase in biphasic systems, the solubility of H 2 was improved. Hydrogenations, hydroformylations, and hydrovinylations have been developed in scCO 2 /IL biphasic systems by using scCO 2 as the carrier for reactants and products, whereas reactions took place in the IL phase. In these reactive systems, scCO 2 has been successfully used to extract products from ILs. The usage of an organic solvent was undesirable, so products and reactants were obtained from the scCO 2 phase by depressurization. 60,71−75 An elegant example of the capabilities of reaction/separation coupling using a scCO 2 /IL biphasic system has been illustrated by Damen et al. 76 in the design of a 20 ton/year process for the production of Levodopa (a drug used against Parkinson disease). This process has been patented by the same research group. 77 Huge improvements concerning energy consumption, replacement of deactivated catalyst, solvent replacement, and other variable costs compared to the conventional Monsanto process have been observed, concluding that this biphasic system is rentable at short term (1.6 years) despite high investments costs. A review about scCO 2 /IL biphasic systems and their use in homogeneous catalysis has been recently published by Jutz et al.; interested readers are encouraged to consult it. 78 In another study, the scCO 2 phase has been used as a reservoir for substrate and products in a scCO 2 /poly(ethylene glycol) (PEG) biphasic system for the selective oxidation of alcohols to aldehydes and ketones performed in the PEG phase. PEG has effectively stabilized the Pd nanoparticles used as catalysts avoiding their agglomeration, and a continuous process has successfully been exemplified by coupling the reaction and separation steps. 79, 80 The same strategy was employed for the oxidation of styrene catalyzed by PdCl 2 / CuCl. Usage of PEG as the reactive phase allowed recovering the catalyst without loss in a continuous operation process. 81 An example of the interesting capabilities of the scCO 2 /water biphasic system to allow products/catalyst separations has been shown in the patent by V. S. Bhise, 82 where ethylene glycol was prepared using a process in which ethylene oxide was extracted from an aqueous solution with near-critical or supercritical carbon dioxide. An ethylene oxide/CO 2 /water mixture was then contacted with a catalyst to form ethylene carbonate, which was then hydrolyzed to ethylene glycol in the presence of the same catalyst. The ethylene glycol was separated as product, and the carbon dioxide and the catalyst were recycled.
Concerning the utilization of GXLs for process intensification, Xie et al. 83 have published a recent interesting example concerning the utilization of a nanofiltration membrane reactor for a continuous hydroformylation reaction of 1-octene in CXLs. The polyimide membrane allowed the retention of the catalyst inside the reactor without pressure loss.
■ TUNING OF PHYSICO−CHEMICAL PROPERTIES
Traditionally, in an industrial manufacturing plant, a solvent recovery step is used after each conversion stage, as the usage of a specific solvent for each reaction step is often necessary. This approach generates wastes and large energy consumption. The development of cascade catalytic reactions in the same solvent and without intermediate recovery steps is considered as an important direction for developing sustainable organic synthesis and chemical processes in the future. 84 In this scope, the finetuning of reaction conditions, including solvent properties, is a challenge that scCO 2 /green solvent biphasic systems can help to overcome. Actually, in these kind of systems, the properties of the "solvent" phase can be finely tuned by controlling the concentration of CO 2 that is solubilized in the solvent, which means that by changing the pressure of the system a new phase is obtained with tunable properties that can go from those of the neat solvent to those of pure CO 2 in a reversible fashion. Dramatic changes in the properties of certain switchable materials and/or solvents can be triggered by CO 2 as this solvent has the advantage of being readily separable by depressurization, which gives knobs to adjust properties of solvents, surfactants, particles, polymers, catalysts, etc. 85 Even if solvent properties tuning for unique solvent utilization through the entire chemical process has not been developed yet, we give some examples of the usage of properties tuning by scCO 2 in biphasic scCO 2 /green solvents systems.
■ MELTING POINT DEPRESSION OF IONIC LIQUIDS
One interesting feature of the association of scCO 2 and ILs is the melting point depression of ionic liquids by scCO 2 . As has been demonstrated by Leitner et al., 84 pronounced depressions in the melting point can be induced by compressed CO 2 
■ RHEOLOGICAL PROPERTIES OF POLYMERIC PRODUCTS
Tunability of properties by scCO 2 in a scCO 2 /green solvent system can be used not only to change solvent properties but products properties as well, as shown by Quadir et al. 86 for the emulsion polymerization of methyl methacrylate in a scCO 2 / water biphasic system. The plasticizing properties of CO 2 have been used to reduce the glass transition temperature, melting temperature, and viscosity of the polymer. Figure 4 shows SEM micrographs of particles obtained with and without CO 2 . It can be observed that the spheres obtained without CO 2 show a significant population of small particles; mass distribution showed a decrease with CO 2 pressure attributed to changes in the chain-stopped mechanism due to a viscosity decrease, which increased the rate of bimolecular termination.
Engineering and Technological Aspects for Implementation of scCO 2 /Green Solvent Systems. Even if scCO 2 /green solvent biphasic systems have received great interest in recent years, technologies and apparatus for in situ analytical techniques allowing for the study of these systems are still developing. Also, technological devices improving the contact between both phases and allowing for practical implementation of the operation of biphasic systems both in batch or in continuous mode present enormous opportunities to be explored. As well, process equipment allowing for coupling of separation and reaction steps using such systems can still be thoroughly developed.
As has already been stated, the advantages of such technology include energy economy by reaction/separation coupling, utilization of milder reaction/separation conditions, process safety enhancement by utilization of greener solvents, elimination of flammable vapor phases, and waste mitigation by elimination of organic solvents; all of these features justifies the development of a new generation of equipment and/or techniques allowing us to take advantage of all the potentialities of these systems. In fact, development of such technologies requires understanding of molecular interactions and advanced knowledge of hydrodynamics and mass and heat transfer in complex multiphasic systems. 87 We present here some technological and research requirements that in our opinion are needed to implement scCO 2 /green solvent biphasic systems and to exploit entirely the capabilities of such systems.
■ ACQUISITION OF EXPERIMENTAL DATA Phase Equilibrium. In order to gain understanding of the factors that affect chemical processes, the study of phase equilibrium between fluids is of fundamental importance. Knowledge of the phase behavior of a reaction system can help understanding and improve the performance of the system, permitting as well the rational design of the entire process. 88 Phase equilibrium studies of scCO 2 /green solvent biphasic systems is crucial when these systems are used for a reaction because this equilibrium plays a role in the partition of reactants, products, and catalysts. As the reaction proceeds, this equilibrium is modified with the disappearance of reactants and the appearance of products, as in the example in Figure 5 .
Understanding phase equilibrium and its impact in a chemical process allows for controlling the thermodynamic properties of the system in order to influence reaction kinetics and selectivity and also to design separation steps by using a strategy called "phase equilibrium engineering". 89 This idea has been demonstrated by the pressure tuning of the selectivity in the hydrogenation of limonene in a biphasic CO 2 /limonene system. Actually, hydrogenation of limonene can yield different products, and by controlling the partition of reactants in the liquid phase, the selectivity of the hydrogenation was optimized. 44 On the other hand, systems formed by scCO 2 and ionic liquids have been thoroughly studied and found to form biphasic systems over a large range of pressures and temperatures. These studies have shown that CO 2 is highly soluble in some ILs such as [BMIM] [PF6] (up to 0.6 of mole fraction at 8 MPa), while the composition of the scCO 2 phase remains essentially CO 2 . 91 The study of the phase behavior of the ternary system scCO 2 /[BMIM] [PF 6 ]/naphthalene has shown that it is possible to quantitatively extract naphthalene, a nonvolatile compound by scCO 2 , from an IL without contamination; pure ionic liquid has been obtained after the depressurization step. 91 Using the same ionic liquid, Blanchard and Brennecke performed solubility measurements of several polar and nonpolar substrates including alcohols, amides, and ketones, allowing for their recovery by extraction with scCO 2 with a recovery of more than 95%; 92 a correlation has been observed between the amount of CO 2 needed for 95% extraction of the solute and its dipolar moment, which can be explained by the affinity of the solute for CO 2 . Phase equilibrium of n-alkyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide ionic liquids with CO 2 has been measured by Ren et al., 93 and the PR EoS with the van der Waals 2-parameter mixing rule with estimated IL critical properties has been used for modeling the experimental results. Good agreement has been obtained between experiments and modeling; however, extrapolation of the model to pressures higher than 40 MPa predicted a critical point of the mixture that has not been observed experimentally.
In order to investigate dimethyl carbonate synthesis using methanol and scCO 2 , the thermodynamic behavior of a mixture containing reactants and products for this reaction, methanol, CO 2 , dimethyl carbonate, and water, was studied by the SRK equation of state with MHV2 mixing rules. Binary interaction parameters were deduced from the fitting of experimental data performed in a high-pressure view cell, and good agreement has been found. This study clearly showed the possibility to predict and to choose the right operating conditions for a chemical process from phase equilibrium analysis. 94 Some studies of the high-pressure phase behavior of biphasic scCO 2 /green biosourced solvents have been recently published, such as the systems including scCO 2 and methyl lactate, ethyl lactate, 95 methyl stearate, methyl palmitate, methyl myristate, 96 and scCO 2 /glycerol. 97 Phase equilibrium of mixtures of scCO 2 with fatty acid ethyl esters from fish oil, 98 soybean oil, and castor oil 99 were determined in a temperature range from 40 to 70°C and pressures up to 30 MPa. Other studies concerning phase equilibrium of scCO 2 /green solvents such as acetates, propylene carbonate, lactates, soybean oil, squalane, and water have been described in the literature. 95 ,100−106 All of these studies give a good insight to the potential systems that can be used for reaction/extraction coupling. High-pressure view cells have been used to perform most of the phase equilibrium experiments, while the system concerning glycerol was studied by using a high-pressure cell coupled to FT-IR. 97 These studies include modeling results performed by equations of state showing a good correlation between experimental and numerical results. In situ attenuated total reflection infrared spectroscopy was used to investigate the behavior of some scCO 2 /IL systems in the presence and absence of water. It has been observed in this study that the addition of water to the system did not change the CO 2 solubility in ILs and that water can be extracted from ILs by CO 2 , allowing for the drying of the ionic liquids investigated. 107 Molecular simulation is now an alternative powerful tool for experimental measurements for estimating properties of fluids and materials including phase equilibrium. 108 Houndonougbo et al. 109, 110 have used molecular simulations and in particular the Gibbs ensemble Monte Carlo (GEMC) method to predict the vapor−liquid equilibrium of systems including CO 2 and other solvents such as acetic acid; these results were compared to experimental data. It has been shown that the prediction of volume expansion of solvents in the presence of pressurized CO 2 by molecular simulation is excellent. Vapor−liquid equilibria data obtained from these simulations have been used subsequently in the Peng−Robinson equation of state (PR EoS) for systems where experimental data for the mixing parameters lacked, allowing good correlation of the experimental results by PR EoS.
In an effort to develop tools to diminish the quantity of tedious experiments and determinations and to effectively design catalytic biphasic reactions, a mathematical model was developed to predict the thermodynamic equilibrium conversion and yield for biphasic-catalyzed reactions. 111 This model can be used to predict a suitable solvent combination and to maximize the equilibrium conversion by knowing the equilibrium constant and the partition coefficients for all the reactants in the biphasic medium. In other words, the objective of this study was to answer the question: which solvent combination and which proportion is the most adequate to reach high equilibrium conversions and yields? The model was validated for the alcohol dehydrogenase-catalyzed reduction of acetophenone and verified for eight different biphasic reaction mixtures. Even if this study did not included scCO 2 /green solvent biphasic mixtures, a similar concept could be developed for such systems.
■ OTHER PROMISING GREEN SOLVENTS
Special kinds of compounds have attracted our attention as very promising for scCO 2 /green solvent biphasic systems development. These are biomass derived ILs and deep eutectic solvents (DES). DES are mixtures of compounds that have lower melting points than those of any of their individual components. In particular, when the compounds that constitute the DES are primary metabolites, namely, amino acids, organic acids, sugars, or choline derivatives, they are called natural deep eutectic solvents (NADES). 112 These biomass-derived ILs and NADES possess well-characterized biodegradable and toxicological properties. For example, fructose-based ILs have been used for the Heck reaction of aryl iodides, exhibiting similar solvent properties than conventional imidazole-based ILs for transition metal-catalyzed reactions. 113 ILs containing cholinebased cations combined with propionate, tiglate, hydrogen succinate, hydrogen maleate, 114 and linear alkanoate anions 115 have been obtained; their biodegradability has already been tested giving satisfactory results. Choline-based cations have been prepared in combination with amino acids as anions such as glycine, alanine, phenylananine, histidine, etc.; their characterization and use in the Knoevenagel condensation under solvent-free conditions between benzaldehyde and different methylene compounds are well documented. 116 Choline chloride−glycerol DES have been prepared, and their physical properties thoroughly characterized. The solubility of gases such as SO 2 117 and CO 2 in these compounds have been measured as well. Saccharin and acesulfame have been employed in the preparation of ILs; anions of both sweeteners (saccharinate and acesulfamate) were combined with onium cations to give salts melting below 100°C. Even though these anions are not biobased and are prepared from artificial compounds, they are presented here as both of them have interesting toxicological profiles. 118 Other cations that have been prepared from biosourced resources and used in ILs and DES are ephedrinium salts, nicotinium salts, some compounds obtained from menthol, citronellol, pinene, fructose, urea, and natural polyalcohols such as sorbitol. On the anion side, we can cite camphor-based ILs.
Solubility of CO 2 in DES composed of choline chloride and glycerol at moderate pressures has been studied and was found to be similar to solubility of CO 2 in typical ILs. Experimental results were compared with modeling by an extended Henry's law model, and good agreement was found.
Liu et al. 119 have reported the production of 5-hydroxymethylfurfural (HMF) from a fructose solution in a scCO 2 /choline chloride biphasic system; this system allowed a yield in HMF of up to 72% compared to 60% obtained with the conventional method. Furthermore, CO 2 was shown to induce the formation of carbonic acid, which increased the reaction rate. After the reaction, separation of HMF from catalyst was straightforward by depressurizing the system to obtain the product without acid contamination, which cannot be performed by using conventional methods without CO 2 . Systems containing scCO 2 and biosourced DES and ILs hold many promises for the development of innovative processes, and we strongly believe the usage of such systems will reinforce the green character of both solvents, overcoming the issues of separation of biobased ILs that arise from their low volatility and allowing for the fine-tuning of the properties of these compounds by CO 2 , while keeping the biodegradability and low toxicity of the system.
Other kinds of green solvents obtained by depolymerization of lignin have been prepared by Azadi et al., 120 and these solvents contained alkyl-substituted phenolics such as propyl guaiacol and propyl syringol. These solvents could be used in biphasic systems containing scCO 2 for applications including biosourced compounds as they present high solubilities for certain substances obtained from biomass. However, their toxicological properties need to be completely elucidated. Alkyl levulinates are molecules of particular interest that have already been used as extraction solvents. Some studies about their cytotoxicity and mutagenicity confirm their potential as green solvents. 121 Glycerol is a green biosourced solvent that has recently received great attention as a solvent for chemical synthesis. 56,122−127 Even though it has been already demonstrated that glycerol can be an interesting green solvent for chemical reactions, only one attempt to couple scCO 2 with glycerol has been performed for the successful extraction of products after the β,β-diarylation of acrylates. 57 The phase equilibrium of this biphasic system has been studied as well by in situ FT-IR and modeled by the Peng−Robinson equation of state; 97 this interesting media deserves to be more deeply explored.
Other unsuspected green biosourced solvents have been used for different applications such as the synthesis of highly monodisperse CdSe nanocrystals in olive oil. This synthesis was performed without a phosphine addition, which represents a green route to nanocrystals fabrication. 128 Unfortunately, no attempts have been made to couple such nonconventional green solvent with scCO 2 as reactional biphasic media.
■ DEVELOPMENT OF CATALYSTS
As has already been presented, the development of catalysts capable to work in green solvents such as biosourced solvents is a challenge that has been explored by some research groups. 129 For example, the group of Jerome 57 has developed Pd nanoparticles stabilized by a sugar-based surfactant derived from biomass and used as a ligand for the coordination of palladium; this catalyst has been used for the β,β-diarylation of acrylates in glycerol. The usage of scCO 2 allowed the successful extraction of reaction products from the glycerol phase with minimal contamination of glycerol, while the catalyst is immobilized in the glycerol phase. Catalysts capable to work in scCO 2 /water systems have been thoroughly studied in an effort to develop greener chemical processes and reactions; some examples are the reduction of CO 2 , hydrogenations, and others. 130 However, even if aqueous biphasic catalysis has been created several decades ago and the development of watersoluble organometallic catalysts has widened the possibilities and increased the number of candidate reactions, the available technologies need to be redesigned to use scCO 2 /water as reaction media. In our opinion, the opportunity to create an acid catalyst in situ by dissolving CO 2 in water, together with the possibility to eliminate it by depressurization (without the need for basic species for neutralization and subsequent salt disposal), has not been completely explored yet. One recent example is the synthesis of urea derivatives from urea and organic amines. In this study, ammonium bicarbonate (ABic) was simultaneously obtained with high-value mono-and bisubstituted ureas without the use of another catalyst than the acidic species created by CO 2 dissolution in H 2 O. 131 Released NH 3 has been successfully captured by ABic formation, which allowed pollution reduction. Once more, the importance of phase equilibrium was evidenced in this study, showing that inorganic solids (identified as ABic by 13 C NMR) were preferentially obtained when lower pressure was used, which has been attributed to lesser ammonia release at higher pressures. Other efforts may be addressed for catalyst development allowing the usage of scCO 2 /green solvent systems to immobilize the catalyst in one of the phases in order to extract products from the second phase.
As an example of the catalysts development for GXLs utilization, Xie et al. 83 have demonstrated the usage of phosphite ligands (JanaPhos ligands) bound to a Rh center facilitating Rh retention in the reactor by a polyimide membrane. This system has been applied to the hydroformylation of 1-octene in CXLs.
■ TECHNICAL DEVELOPMENTS
One of the rare examples of technologies developed to use these kinds of systems is supported ionic liquid phases (SILPs), where the IL and the catalyst are deposited as a thin layer onto a high surface area support, the catalyst being dissolved in the ILs. These SILP have been employed in a fixed-bed reactor for the continuous hydroformylation of 1-octene, using dense CO 2 as the mobile phase. 132−134 Due to the decreased viscosity of ILs in the presence of dense CO 2 , this system allowed better transport of gases to the catalyst increasing the reaction rates and reducing the loss of catalyst. A similar technology exists in the case of water as supported aqueous-phase catalysts (SAPC) ( Figure 6 ) and where the catalytic reaction takes place at the water−organic interface where the organic phase contains the reactants and products. 135136 However, SAPC have not been used with dense or supercritical CO 2 .
The conception and design of new multifunctional technologies 87 is a field that has barely been developed and would strongly benefit from the versatility of biphasic scCO 2 / green solvents systems. New technologies and systems to generate new experimental data permitting or taking into account the usage of tunable green solvents for the coupling of reaction and separation steps by scCO 2 need to be developed. In this context, microdevices offer a great opportunity in research and development, as they allow the control of droplets, jets, and in situ characterization and modeling. 137 These concepts have been very recently studied for the scCO 2 /water biphasic system. 138 In this study, a numerical model to describe the jets and drops generated by CO 2 in water at high pressures and high Reynolds numbers in a microdevice has been proposed; changes in wettability and surface tension between both phases originated by the addition of surfactants have been taken into account as well. Calculations and experimental results have been compared, and good agreement has been observed between them.
An electrodispersion contactor has been used to disperse water droplets in scCO 2 and was tested in the extraction of ethanol from an aqueous solution in order to increase mass transfer and to broaden the separation and reaction processes capable to be applied to scCO 2 usage. 139 Hollow fiber membrane contactors have been used to allow the contact between scCO 2 and water in order to extract solutes of very different partition coefficients such as caffeine, DMF, ethanol, acetone, and ethyl acetate from aqueous solutions. 140−144 It is worth noting that the operation of hollow fiber contactors at high pressure requires overcoming the delicate challenge of operating at lower transmembrane pressures than the breakthrough pressures of the membranes.
■ CONCLUSIONS
Perspectives of scCO 2 /green solvent biphasic systems are presented in order to give the reader a good insight into their usages and potential applications. As this perspective paper reflects, scCO 2 /green solvent biphasic systems present interesting characteristics that make them useful in green sustainable chemistry and engineering such as mass and energy efficiencies, along with minimization of wastes and safety enhancement. They are also versatility and have modularity. Such systems have been used in a wide variety of reactions like hydroformylations, hydrogenations, oxidations, and so on, where the interesting properties of these systems have been used to solve solubility issues, to couple reaction/separation steps, and to achieve the tuning of properties of the solvents associated with scCO 2 .
Finally, we have presented some perspectives in the field of green solvents preparation and/or characterization. The aim of presenting these solvents here is to attract the attention toward a possible utilization of these solvents in systems containing scCO 2 , which allow for overcoming usage issues such as problems with separations and will permit the development of greener processes.
However, we have observed only a few technologies allowing and/or improving the contact between both phases permitting taking advantage of all the properties of these systems even though encouraging developments are already occurring in the laboratories of several research groups. Great opportunities in these fields are open, and we strongly believe that a large development of a new generation of versatile and clean reactor/ separator units for the usage of these promising systems will certainly allow the creation of a new generation of clean intensified processes.
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